The virulence mechanism of Neisseria gonorrhoeae in pelvic inflammatory disease (PID) is not well understood, and an objective diagnostic method to identify patients with PID is lacking. We investigated the hypothesis that development of PID was associated with a C1q-dependent virulence property of gonococcal strains. Recent development of a C1q-dependent experimental model of gonococcal infection (S. Nowicki, M. ) and sac-4 negative produced C1q-dependent bacteremia in rat pups, suggesting that both ser r and sac-4 were required for infection. The serum-resistant recombinant recipient of sac-4 produced C1q-dependent bacteremia in the rat model similarly to the serum-resistant donor of sac-4; the serum-sensitive parent strain did not produce bacteremia. These data suggest that sac-4-mediated serum resistance conferred C1q-dependent virulence and is a unique characteristic associated with PID. These newly identified features may contribute to the understanding of the pathogenic mechanism of PID-associated strains and open perspectives for establishing novel diagnostic methods.
Pelvic inflammatory disease (PID) is a serious and costly condition among women of reproductive age (5, 7) . The cost of treating PID in the United States is estimated to reach $10 billion by the year 2000 (7) . PID frequently results in severe irreversible sequelae, such as infertility, ectopic pregnancy, and chronic pelvic pain (2, 6, 7, 13, 28) . The pathogenesis of PID is not well understood, and an objective diagnostic method for identifying patients who are at risk for PID is lacking.
Traditionally, PID has been characterized as a major complication of genital tract infection caused by sexually transmitted pathogens Neisseria gonorrhoeae and Chlamydia trachomatis and anaerobes and facultative bacteria from the lower genital tract (7) . Whether the development of gonococcal PID is determined by host susceptibility or by the virulence of the gonococcus remains to be determined. Elucidating the contribution of these factors would enhance our understanding of the mechanism of gonococcal infection and perhaps lead to the improvement of diagnostic, therapeutic, and prophylactic approaches. In the past, the lack of a simple experimental model of gonococcal infection has significantly limited studies of host and microbial properties contributing to the pathogenesis of PID.
A nonprimate model of gonococcal infection in rat pups was recently developed (19) . In this model, intraperitoneal (i.p.) inoculation of serum-resistant (ser r ) N. gonorrhoeae JC1 together with human complement C1q resulted in bacteremia that lasted 6 to 7 days. Preincubation of strain JC1 with C1q protected N. gonorrhoeae from the bactericidal effect of rat pup serum both in vitro and in vivo instead of initiating killing via activation of the classical complement pathway (19) . To the contrary, direct binding of C1q by Klebsiella pneumoniae results in killing of the target cell (1) . Thus, paradoxical C1q-mediated resistance to complement killing of N. gonorrhoeae JC1 may represent an unrecognized mechanism of gonococcal virulence.
Resistance to the complement-dependent bactericidal effect of normal human serum (NHS) appears to be a crucial virulence factor for N. gonorrhoeae (21) . The known mechanisms whereby gonococci are resistant to killing by NHS and complement have been separated into two types, stable (not affected by subculture) and unstable (lost on subculture) (21) . C1q-dependent virulence of stable ser r N. gonorrhoeae may be analogous to the mechanism employed by ser s (unstable ser r ) gonococci in which host CMP-N-acetylneuraminic acid is used to sialylate lipooligosaccharide (LOS) to escape the bactericidal effect of serum (10, 20) . Changes in the carbohydrate composition of LOS, changes in the outer membrane proteins, or changes in the binding-blocking antibody are among proposed mechanisms (4, 11) . Loci called sac-1, sac-3, and sac-4 have been implicated in the molecular mechanism of serum resistance (3, 29) . A 2.2-kb region of sac-4 cloned from N. gonorrhoeae JC1 DNA was able to transform N. gonorrhoeae F62 from a ser s phenotype to a stable ser r phenotype (12); however, the contribution of sac-4 to virulence is not well understood.
There are no clear conclusions to investigations of the association of PID with stable serum resistance of N. gonorrhoeae; however, this has been determined with disseminated gonococcal infection (25) . According to a previous study, PID isolates appear to represent a heterogeneous group with respect to serum sensitivity (23) . Therefore, the role of serum resistance as a virulence factor in gonococcal PID remains to be investigated.
The onset of gonococcal PID is often clinically associated with menstruation (27) . We hypothesize that contact of gonococci with menstrum containing serum rich in C1q could be an unknown mechanism that increases the virulence of gonococcal strains and contributes to the onset of PID or septic spread (17, 18) . The clinical features of gonococcal PID that are similar to those of disseminated gonococcal infection include capacity to cause bacteremia, peritonitis, Fitz-Hugh-Curtis syndrome, and septic spread in the host or the fetus from mothers with untreated PID during pregnancy. Furthermore, we hypothesize that not all strains of N. gonorrhoeae are able to establish PID. By testing strains isolated from patients with PID and local infections (LI) for C1q-dependent virulence, we attempted to address these two important issues.
We provide novel evidence that PID, but not LI, isolates of N. gonorrhoeae display C1q-dependent virulence in the rat pup model. The molecular mechanism of the C1q-mediated virulence was found to be associated with the sac-4 region and stable serum resistance.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Gonococcal PID isolates (15 strains) and LI isolates (11 strains) were obtained from the Centers for Disease Control and Prevention (CDC) in Atlanta, Ga. This collection represents strains isolated from patients with either PID or lower genitourinary tract infection, from different regions in the United States. Additionally, three PID strains and three LI strains were obtained from the University of Texas Medical Branch (UTMB) clinics. N. gonorrhoeae JC1 (ser r ) and two isogenic strains, WM3 (F62 recombinant selected following transformation with pWM3 containing the sac-4 region) (ser r ) and F62 (ser s ), were provided by R. Hull (12) . In brief, ser s F62 was transformed by plasmid pWM3, which is pHC79 containing 2.2 kb of the sac-4 region cloned from JC1. Selection of serum-resistant recombinants was further performed by submitting transformants to a serum assay. The selected ser r recombinant resulting from a double-crossover event did not maintain plasmid pHC79, as tested by growth on appropriate antibiotic media and DNA hybridization with pHC79 (12) . The control F62 was subjected to mock transformation (12) . All strains were grown on chocolate agar plates or modified Thayer-Martin agar plates (Remel Laboratories, Richardson, Tex.) and incubated for 18 to 24 h at 37°C in 5% CO 2 . Liquid cultures were grown in GC base broth (GCBB) supplemented with 1% supplement VX (Difco) (0.04% sodium bicarbonate) and 5 g of glucose per liter.
Experimental model. Sprague-Dawley rats (3-to 5-day-old newborns) were divided into two groups and inoculated i.p. with 100 l of a suspension of gonococci (5 ϫ 10 7 CFU/ml) pretreated with either 100 g of C1q per ml or bovine serum albumin (BSA) (control). Alternatively, control heat-inactivated C1q (100°C, 30 min) was also used (19) . Five animals from each group were sacrificed 4 h postinoculation. Twenty-microliter blood samples were collected without anticoagulant from heart punctures, modified Thayer-Martin agar plates were inoculated with 10-fold dilutions, and the number of CFU per milliliter was determined after 48 h of incubation.
PCR. Deletion mutants of pWM3 constructed by McShan et al. (12) showed that only the 3Ј region of sac-4 encoding a 29-kDa peptide was necessary for conferring partial serum resistance. In order to determine the prevalence of this region in gonococcal isolates, PCR primers were designed to amplify a suitablesize fragment (344 bp) of DNA from the 3Ј region of sac-4 necessary for transforming the serum-sensitive laboratory strain F62 to serum-resistant WM3. A 1-ml volume from an overnight GCBB culture was centrifuged, and the pellet was resuspended in 200 l of distilled H 2 O. The suspended cells were heated at 100°C for 20 min, cooled, and centrifuged for 5 min; the resulting supernatant was removed and stored at Ϫ20°C for subsequent use in PCRs. The sequences of the primers were as follows: primer A, 5Ј TATCTGCAGCATCTCCTTTCCA ACC 3Ј; and primer B, 5Ј TAGGAATTCCTCTGAAGGTTACGG 3Ј.
PCR was performed with a Gene Amp PCR reagent kit (Perkin-Elmer Cetus, Norwalk, Conn.). The reaction mixture contained 2 l of DNA template, 200 mM each deoxynucleotide phosphate, 2.5 U of Amplitaq polymerase, and 1.0 mM each primer in a total volume of 100 l. The reaction mixture was overlaid with 50 l of mineral oil. The amplification reaction consisted of 30 cycles of 1-min denaturation at 92°C, 1-min annealing at 55°C, and 1-min extension at 72°C. An aliquot of 20 l from each tube was removed for electrophoretic analysis on a 2% agarose gel.
Serotyping and auxotyping. Typing of gonococcal isolates was performed at the CDC according to previously published procedures (9) . In brief, serotyping has been determined by evaluating the major membrane protein I. Protein I exists in two distinct species, IA and IB, identified by sets of monoclonal antibodies. Auxotypes have been determined on the basis of gonococcal requirements for specific nutrients: Arg requires arginine, Pro requires proline, and Proto requires cystine-cysteine for growth.
Serum bactericidal assay. The serum bactericidal assay was a modification of the procedure used by McCutchan et al. (11) . Gonococci (90% P ϩ Opa ϩ ) were removed from an overnight GC base agar (GCBA) plate culture with a sterile Dacron swab and suspended in GCBB to an A 600 of 0.2; a 1:1,000 dilution was made, and 0.1 ml of the diluted cell suspension was mixed with 0.1 ml of 10, 25, and 50% NHS (Sigma, St. Louis, Mo.) in GCBB. Another 0.1-ml aliquot of the cell suspension was mixed with 0.1 ml of 10, 25, and 50% heated human serum at 56°C for 30 min. Both tubes were incubated at 37°C for 45 min. At the end of the incubation period, 10-fold and 100-fold dilutions were made from the assay mixtures; 0.05-ml volumes were spread on GCBA plates in triplicate and incubated for 24 h at 37°C in a 5% CO 2 incubator, and then the numbers of CFU of each strain per milliliter were determined. Total ser r N. gonorrhoeae JC1 and completely ser s N. gonorrhoeae F62 were pretested to evaluate the bactericidal activity of NHS used for experiments. Some human sera, such as lot 124 H9412 obtained from Sigma, were not used for evaluation due to killing properties on JC1.
Construction of recombinant molecules and DNA sequencing. As previously described, purification of plasmid DNA digestion with restriction endonucleases and ligation to the pUC19 vector were performed (26) . DNA sequencing was performed by the method of Sanger et al. (24) .
Statistical methods. For statistical evaluation of the associations between two factors, the Fisher exact test was utilized to determine the exact significance levels (P value). The observed significance levels (P values) imply the existence of a statistically significant association between the tested factors.
RESULTS

C1q
-dependent virulence for rat pups differentiates PID from LI isolates. To investigate our hypothesis that unique strains of N. gonorrhoeae are associated with PID, 18 PID and 14 LI isolates of N. gonorrhoeae obtained from CDC and UTMB were tested for C1q-dependent virulence in newborn rats. Two groups of 3-to 5-day-old rats were inoculated i.p. with either 100 l of 5 ϫ 10 6 gonococci and human complement C1q (100 g/ml) or, as a control, 100 l of 5 ϫ 10 6 gonococci and BSA (100 g/ml). Previously published results showed that bacteremia with N. gonorrhoeae JC1 and four PID strains occurred in the presence of C1q but showed a significantly lower rate in the presence of either heat-inactivated C1q or BSA (19) . Accordingly, to reduce the significant cost of C1q, control experiments were performed in the presence of BSA, excluding pilot experiments. Previous kinetics studies had indicated an exponential gonococcal growth at 4 h for virulent JC1 and a lack of growth for commensal Neisseria cinerea (19) . At 4 and 18 h, the positive-control strain JC1 was present at levels of 5 ϫ 10 4 and 9 ϫ 10 5 CFU/ml; the negative-control N. cinerea strain was not detected in the blood at any tested time point from 30 min to 24 h.
To evaluate the optimal time for blood culture that would differentiate virulent from nonvirulent isolates, blood was drawn at 0.5, 2, 4, 6, 8, and 24 h postinoculation and cultured on agar plates. Four hours postinoculation was considered to be the earliest convenient and optimal time to differentiate between virulent and nonvirulent isolates. At 4 h postinoculation, blood was obtained from each rat pup (n ϭ 340), diluted, and used to inoculate agar medium. Table 1 shows a comprehensive listing of detailed characteristics of each tested isolate. Table 2 shows a comparative analysis of all tested properties based on the clinical origin of strains. Of 32 strains preincubated with C1q prior to inoculation of rat pups, 15 were recovered from the blood at 4 h. Of the 15 gonococcal strains recovered from rat pup blood, 13 (87%) were PID strains and 2 (13%) were LI strains ( Table 2) . Cultures for all control animals inoculated with 32 strains excluding C1q (n ϭ 160) were negative. Fisher's exact test (PID, P Յ 0.001) evaluated the differences as highly significant. The number of CFU observed in positive cultures ranged from 2 ϫ 10 3 to 7 ϫ 10 5 /ml. Detection of sac-4 region among PID and LI isolates by PCR. The sac-4 region was necessary for transformation of ser s F62 to ser r WM3 (12, 14a) . Primers A and B were used to amplify by PCR a 344-bp DNA segment in the 3Ј end of the sac-4 region. The amplified product was detected by agarose gel electrophoresis ( Fig. 1 and 2 ). All PCR-positive strains showed an amplification product of identical size which migrates close to the 350-bp marker. Two PCR amplification products were subcloned to plasmid pUC19, and DNA inserts were sequenced. A 344-bp sequence from the 3Ј end of the sac-4 region was identified, thereby confirming that the analyzed PCR products represented the sac-4 region of the tested strains. Of the 32 strains tested, 17 were sac-4 positive and 15 were sac-4 negative ( Table 2) . Of the 17 sac-4-positive strains, 13 (77%) are PID isolates and 4 (23%) are LI isolates. In contrast, of the 15 sac-4-negative strains, 5 (33%) and 10 (67%) represent PID and LI, respectively. The observed differences between PID and LI strains in detection of sac-4 were significant (P Յ 0.03) and specific for the majority of PID isolates.
Auxotypes and serotypes predominating among PID and LI isolates. Typing of PID and LI isolates was performed to determine if there was any association between auxotype and serotype and the ability to produce bacteremia in rat pups. Among the identified PID-associated auxotypes were Proto 
a Capacity of tested strain to cause infection of blood in the presence of C1q. Y, yes (positive blood culture); N, no (negative blood culture).
b ϩ, detection of 344-bp sac-4 region DNA by PCR; Ϫ, negative PCR. c S, serum sensitive; R, serum resistant. d NT, not tested. (seven strains), Pro (five strains), and Arg (three strains). The PID strains belonged to several serovars, including IB3 (six strains), IB6 (three strains), and IB7 (two strains) ( Table 1 ). The remaining strains represented single serotypes IB1, IB2, IA6, and IB14. The most frequent association of auxotype/ serovar (Proto/IB3) was represented by four strains (37%) ( Table 2) .
Among the identified LI auxotypes were Proto (five strains), Pro (four strains), and Arg (two strains). The LI strains belonged to several serovars, including IA4, IB2, IB3, and IB4 (two strains of each) and IB1 (one strain). The most frequent association of auxotype/serovar of tested LI strains, Arg/IA4, was represented by two isolates. There was no association observed between auxotype/serovar and the C1q-dependent virulence of these strains (P Ն 0.95). There was also no observable correlation between the auxotype/serotype of all tested strains (PID and LI) and sac-4 positivity. Also, the serum resistance was not associated with any particular auxotype or serotype.
Does the serum-resistant phenotype differentiate PID from LI isolates? Standard criteria used by other investigators for evaluation of stable serum resistance of N. gonorrhoeae include survival rate of 50% or greater in 25 or 50% NHS. The sac-4 locus encodes partial stable serum resistance (12) . Recombinant strain WM3 (sac-4 positive) showed 30% survival in 25% NHS (12) . To evaluate potential association between sac-4 and ser r , the sensitivity of 32 strains of N. gonorrhoeae to NHS was tested in 10 and 25% pooled NHS. The majority of the tested strains survived at a rate of greater than 50% in 10 and 25% NHS, and ser r did not correlate with the clinical source and serum-resistant sac-4 genotype. The majority of PID strains from the CDC collection showed a survival rate of 10 to 30% in 50% of NHS.
The criteria selected for evaluation of resistance to NHS among sac-4-positive isolates were as follows: strains showing 10% survival or greater in 50% NHS were classified as serum resistant, while strains showing less than 10% survival in 50% NHS were classified as serum sensitive. These criteria of resistance to the bactericidal activity of NHS allowed differentiation of PID strains from LI strains of N. gonorrhoeae. The results (Table 2) indicate that of 32 strains, 16 were serum resistant, 13 (82%) of the PID strains and 3 (18%) of the LI strains.
Association of C1q-dependent virulence of N. gonorrhoeae isolates with serum resistance and sac-4 among clinical isolates. The results (Table 3) showed that 100% of strains expressing the serum-resistant phenotype and genotype were virulent in the C1q-dependent animal model. Interestingly, one serum-resistant but sac-4-negative LI strain was avirulent for the rat pups (Table 1) . Two additional sac-4-positive and ser s LI strains were also not virulent in the rat pup model. A set of three characteristics, C1q-dependent bacteremia, ser r , and sac-4, was associated predominantly with PID strains (13 of 15 [87%]). Strains expressing only one feature, the serum-resistant phenotype or the serum-resistant genotype, did not develop bacteremia in the experimental model (P Ն 0.001).
Serum-resistant recombinant WM3 expresses C1q-dependent virulence. The results (Table 2 and 3) show that bacteremia in the rat pup model was strictly correlated with the serumresistant phenotype and genotype. To define whether C1q-dependent bacteremia of PID isolates could be conferred by the sac-4 region, experimental bacteremia was evaluated by using two isogenic gonococcal strains, F62 (ser s ) and recombinant WM3 (ser r ) (F62 recipient of sac-4). Donor of sac-4 gonococcal strain JC1 (ser r ) was used as a positive control (19) . In the presence of C1q, strain JC1 and the recombinant strain WM3 were isolated from the bloodstream at 2, 4, 8, 12, and 24 h postinoculation (Fig. 3) . N. gonorrhoeae F62 was not capable of disseminating in the presence of C1q at any tested time point, including 2, 4, 8, 12, and 24 h. The control blood cultures of rat pups demonstrated that in the absence of C1q, none of the three strains caused bacteremia. These experiments demonstrated that recipient of sac-4 WM3 (ser r ) acquired C1q-dependent virulence. 
DISCUSSION
Here, we present the first experimental evidence that gonococcal PID strains can be differentiated from LI strains by their virulence in an experimental animal model. The development of bacteremia in rat pups was associated with gonococcal strains that possess the capacity to display C1q-dependent virulence and the presence of the sac-4 DNA region. All strains that were capable of surviving in rat pups expressed the serumresistant phenotype. Virulence in rat pups was not associated with a particular auxotype and serovar; conversely, all sac-4-negative and ser s strains were avirulent for rat pups. This finding suggested that the serum resistance, sac-4 region, and C1q-dependent virulence were common characteristics for 72% of PID isolates.
Five (28%) strains associated with PID were avirulent for rat pups. There are two potential explanations for clinical association of these strains with PID. (i) The strains may express a different virulence mechanism(s) or their virulence was enhanced by mixed infection. (ii) The patients had compromising host conditions, such as immunodeficiency.
Of 14 LI strains, 9 (64%) show a common pattern but one which is different from that of the majority of PID isolates. These common features include a lack of the 344-bp DNA fragment of sac-4, serum sensitivity, and a lack of C1q-dependent virulence for pups. Of the five remaining LI strains, two (14%) showed characteristics of PID isolates and were virulent for pups. The other three LI isolates that carried a single feature, sac-4 or ser r , were avirulent for pups. A hypothetical explanation for the lack of virulence in the ser r sac-4-negative strain may include a different, sac-4-independent mechanism of ser r (for example, determined by the LOS structure associated with sac-1) (3). Two strains that were sac-4 positive and ser s did not express the serum-resistant phenotype necessary for virulence of N. gonorrhoeae in the C1q-dependent experimental model. These unique strains are currently under investigation.
Overall, our study indicates that three specific traits may be associated with gonococcal strains isolated from PID patients: (i) C1q-dependent bacteremia in the rat pup model, (ii) stable resistance to killing by NHS, and (iii) the presence of the 344-bp fragment sac-4. It is tempting to speculate that women with LI who are infected with ser r sac-4-positive strains are at increased risk of developing PID. Fourteen percent of the LI strains were ser r and sac-4 positive and classified as virulent in the rat pup model. This value is similar to the proportion of women with local gonococcal infections who develop PID (15 to 25%) (13) .
The present data suggested that sac-4 may confer C1q-dependent virulence. Direct evidence that the sac-4 locus conferred C1q-dependent virulence was obtained by using recombinant ser r strain N. gonorrhoeae WM3 (12) . The experiment demonstrated that the recipient of sac-4, WM3, but not its parent strain, F62, acquired C1q-dependent virulence. A 40% difference in the levels of JC1 and WM3 CFU may be expected, since sac-4 confers a stable but partial serum resistance (12) . N. gonorrhoeae JC1 possesses other properties that may increase gonococcal virulence for pups. For example, the carbohydrate composition of the principal LOS species of strain JC1 does not allow bactericidal antibodies to bind (14) . Nevertheless, strain WM3, containing the serum-sensitive LOS epitopes of strain F62 (14) , was capable of causing bacteremia, suggesting a key role of sac-4 in bacteremic spread. Similarly, the association between C1q-dependent virulence and sac-4 among isolates from patients with PID suggests a significant contribution of sac-4 to the virulence of these isolates.
Further investigation into the possible contribution of C1q-dependent virulence to development of gonococcal infection in the upper genital tract in some reproductive-age women is needed. To our knowledge, this seems to be the first phenotype characteristic for the majority of PID, but not LI, strains. Human female volunteers are excluded from PID experimentation. The different anatomy and physiology of the male genital tract allowing study of male urethritis using PID isolates may not be directly related to female infection. The rat pup model, even if not ideal, allows analysis of PID strains in vivo.
In 1991, a report of the National Institutes of Health prioritized studies of female health and PID (7) . Despite attempts to identify risk factors for PID development, it was not clear whether human and/or gonococcal factors are important in the development of PID (22) . Rice and Schachter showed that strains from acute PID patients were more sensitive to human serum than strains from chronic PID patients (23) . The killing of more-sensitive strains was postulated to generate a more aggressive, nonspecific immune response by activation of the complement cascade and chemotactic response and to stimulate rapid damage of infected tissue, resulting in the clinical manifestation of the acute stage.
Our results suggest that both human and gonococcal factors are required for virulence of N. gonorrhoeae. The subcomponents of C1q involved in interactions with gonococci and tissue receptors to promote bacteremic spread of gonococci in rat pups have not been elucidated. However, we hypothesize that C1q binds to PID isolates via an antibody-independent mechanism (15) . C1q binding to gonococci may result in C1q-mediated attachment of N. gonorrhoeae to C1q receptors of rat pup tissues (16) and an assembly of membrane attack complex in a nonlethal configuration to PID (ser r ) isolates (8) . In turn, attachment would allow efficient colonization, while serum resistance would allow survival and systemic spread.
Auxotypes and serovars are stable properties that are useful for typing N. gonorrhoeae strains and permit analysis of epidemiology and patterns of geographical spread of gonococcal strains (9) . Some studies have suggested that particular auxotypes and serotypes may be associated more frequently with PID strains; nevertheless, serotyping of gonococcal isolates has not helped in the diagnosis of PID (7) . Pili, Opa, and ironbinding proteins are important for gonococcal virulence, but these features have not been useful in identifying strains capable of causing PID (7) .
The present finding offers a novel and attractive option for further basic and clinical investigations of PID. The use of the rat pup model, ser r assays, and sac-4 PCR may allow efficient detection of high-risk PID strains and patients and should result in more-aggressive treatment. Identification and treatment of patients at high risk for the development of PID (based on characteristics of gonococcal strains in the early stage of infection) could reduce the number of patients with serious complications (5, 7) and may significantly decrease the economic burden of PID. Further investigations of mechanisms of gonococcal PID are in progress and may in turn contribute to the development of a vaccine against gonococcal PID.
